w dimensional f i n i t e -e l e m e n t methods, damage t o l e r a n c e , composite s t r u c t u r a l and dynamic response, and s t r u c t u r a l t a i l o r i n g and o p t i m i z a t i o n .
INTRODUCTION The a p p l i c a t i o n o f composites i n engine s t r u c t u r e s offers a m u l t i t u d e o f advantages t o t h e use o f m e t a l s .
l i g h t weight, improved f a t i g u e , h i g h e r damping, reduced number of f a b r i c a t e d p a r t s , reduced number of j o i n t s , and minimum or no f i n a l machining. Disadvantages i n c l u d e a l a r g e r number o f thermal and mechanical p r o p e r t i e s , low impact resistance, low damage tolerance, limited engineering data base, and more comp l e x analyses. The complex analyses a r e c o n v e n t i o n a l l y r e f e r r e d t o as composi t e mechanics. C o n t i n u i n g r e s e a r c h a c t i v i t i e s a t Lewis Research Center have l e d t o s i g n i f i c a n t developments i n composite mechanics for a p p l i c a t i o n t o engine s t r u c t u r e s . a c t i v i t i e s and accomplishments i n composite mechanics f o r f i b e r -r e i n f o r c e d , polymer-matrix composites.
These advantages i n c l u d e h i g h s t i f f n e s s , The o b j e c t i v e of t h i s r e p o r t i s t o d e s c r i b e r e c e n t r e s e a r c h
These a c t i v i t i e s i n c l u d e d research i n a l l aspects of composite mechanics, advanced f i n i te-element methods, composite f r a c t u r e , and s t r u c t u r a l t a i l o r i n g .
Each r e s e a r c h a c t i v i t y focused on ( 1 ) c a p t u r i n g t h e p h y s i c s o f composite behavi o r a t t h e l e v e l o f i n t e r e s t , ( 2 ) d e v e l o p i n g an a p p r o p r i a t e mathematical model,
and ( 3 ) d e v e l o p i n g t h e r e s p e c t i v e computer code for t h e computational simulat i o n . S p e c i f i c a l l y , these i t e m s i n c l u d e ( 1 ) i n t e g r a t e d composite mechanics a n a l y s i s and t h e i n t e g r a t e d composite a n a l y z e r ( I C A N ) computer code, ( 2 ) s i mp l i f i e d composite mechanics f o r s t r e n g t h , ( 3 ) three-dimensional f i n i t e -e l e m e n t f o r micromechanics, ( 4 ) composite f r a c t u r e toughness and p r o g r e s s i v e f r a c t u r e , ( 5 ) l o c a l i n t e r l a m i n a r damage, ( 6 ) p a s s i v e damping, and ( 7 ) 
s t r u c t u r a l t a i l o ri n g . Each o f these i s d e s c r i b e d i n summary form w i t h i l l u s t r a t i v e examples and b r i e f d i s c u s s i o n s on i m p l i c a t i o n s for p r a c t i c a l a p p l i c a t i o n s . Symbols used i n t h e r e p o r t a r e d e f i n e d i n t h e appendix. Relevant r e f e r e n c e s a r e c i t e d f o r a d d i t i o n a l d e t a i l s and for comparison w i t h a v a i l a b l e d a t a .

INTEGRATED COMPOSITE MECHANICS
The development o f composite mechanics encompasses a l l aspects from micromechanics to l a m i n a t e t h e o r y . P a r t s o f t h e composite mechanics a l s o i n c l u d e s t r e s s c o n c e n t r a t i o n s due t o open h o l e s , free-edge i n t e r l a m i n a r s t r e s s e s , l a m i n a t e f a i l u r e , and hygrothermal environmental e f f e c t s . One way t o i n t e g r a t e a l l these aspects o f composite mechanics i s t o i n c l u d e them i n a modular, open-ended, u s e r -f r i e n d l y computer code. A computer code o f t h i s t y p e , i d e n t i f i e d as I C A N f o r I n t e g r a t e d Composite A n a l y z e r , has been developed.
Both stand-alone and p o r t a b l e , ICAN i s based on c o n s t i t u e n t m a t e r i a l propert i e s which a r e a v a i l a b l e i n a r e s i d e n t d a t a bank. A d d i t i o n a l f e a t u r e s o f ICAN a r e i t s c a p a b i l i t y t o handle h y b r i d s , b o t h i n t r a p l y and i n t e r p l y , and t h e i nc l u s i o n o f t h e i n t e r p l y l a y e r as a d i s t i n c t m a t r i x l a y e r .
The i n t e g r a t e d a n a l y s i s c a p a b i l i t y o f I C A N i s d e p i c t e d s c h e m a t i c a l l y i n F i g u r e 1 .
This v e r s i o n o f ICAN has been documented ( t h e o r y and users manual) i n A f l o w c h a r t and a p o r t i o n of t h e i n p u t d a t a a r e shown i n F i g u r e 2. References 1 and 2 and i s a v a i l a b l e through COSMIC ( c o n t a c t COSMIC, The U n i v e rs i t y of Georgia, Athens, GA 30602, concerning t h e a v a i l a b i l i t y o f t h i s p r ogram). R e p r e s e n t a t i v e r e s u l t s p r e d i c t e d by I C A N a r e shown i n F i g u r e 3 , and comparisons w i t h measured d a t a a r e g i v e n i n Table I (Ref. 3 ) . The computer code I C A N i s a v a i l a b l e t o p e r f o r m t h e v a r i o u s composite mechanics t h a t may be r e q u i r e d for t h e a n a l y s i s of composite s t r u c t u r e s for p r o p u l s i o n systems.
SIMPLIFIED MICROMECHANICS FOR STRENGTH
These s e t s o f equations a r e useful because a l l t h e p a r t i c i p a t i n g v a r i a b l e s , t h e i r r e l a t i o n s h i p s t o each o t h e r , and t h e i r s i g n i f i c a n c e and c o n t r i b u t i o n t o t h e s p e c i f i c composite p r o p e r t y a r e r e a d i l y observed. A s e t o f t h i s t y p e was developed for p r e d i c t i n g p l y u n i a x i a l s t r e n g t h s by u s i n g r e s p e c t i v e c o n s t i t u e n t p r o p e r t i e s . A p a r t of t h i s s e t i s summarized i n F i g u r e 4 . The v a r i o u s s t r e n g t h s a r e r e a d i l y i d e n t i f i a b l e .
The r e q u i r e d i n p u t s t o t h e e q u a t i o n s and t h e i r r e s p e c t i v e o u t p u t s a r e summarized i n t h e b l o c k diagram of F i g u r e 4. As T h i s s e t i n c l u d e s a l l t h e e q u a t i o n s r e q u i r e d t o p r e d i c t and assess t h e m i c r os t r e s s e s ( s t r e s s i n t h e m a t r i x , f i b e r , and i n t e r f a c e ) when t h e p l y s t r e s s e s a r e known or have been determined by u s i n g laminate t h e o r y .
cedure, and l o c a t i o n s a r e i l l u s t r a t e d s c h e m a t i c a l l y i n F i g u r e 5.
o f equations for p r e d i c t i n g t h e m i c r o s t r e s s e s due t o p l y t r a n s v e r s e s t r e s s a r e summarized i n F i g u r e 6. a p p l i e d p l y t r a n s v e r s e s t r e s s i s equal t o t r a n s v e r s e ( 1 ) t e n s i l e and
The concept, pro-
The subset R e s u l t s p r e d i c t e d by u s i n g these e q u a t i o n s when t h e ( 2 ) compressive s t r e n g t h a r e summarized i n F i g u r e 7 . o f these equations i s a module i n I C A N .
The r e m a i n i n g p a r t s o f
Each s e t THREE-DIMENSIONAL FINITE-ELEMENT MODELING P a r a l l e l developments i n composite mechanics i n c l u d e three-dimensional f i n i t e -e l e m e n t modeling o f composite behavior a t t h e micromechanics s c a l e . 
r o s t r e s s d i s t r i b u t i o n . I n a d d i t i o n , s t r e s s e s due t o temperature and m o i s t u r e can a l s o be s t u d i e d . I t s u f f i c e s t o say t h a t composite b e h a v i o r a t t h e micromechanics s c a l e can be s t u d i e d and d e s c r i b e d i n d e t a i l by u s i n g
three-dimensional f i n i t e -e l e m e n t modeling and a n a l y s i s methods.
Another form of three-dimensional finite-element modeling is used to evaluate the interlam nar stress field near free edges of angleplied laminates.
This form is usua ly referred to as progressive finite-element substructuring. The concept and models are schematically illustrated in Figure 9 with typical results for a specific laminate. The details of the procedure are described in Reference 8, which includes similar results for other laminates.
It is interesting to note that interlaminar stress fields near free edges may initiate fracture, especially under cyclic loads, which predominate in propulsion structural systems.
COMPOSITE FRACTURE TOUGHNESS AND PROGRESSIVE FRACTURE
In addition to other design requirements, composite structures are
Damage tolerance usually refers to the designed to be damage tolerant.
ability of the structural component to sustain, without repairs, a specified level of preexisting inadvertent damage (defects) for the designed load conditions and service life. The ability of the material to be damage tolerant is usually measured by its fracture toughness, which is characterized by two parameters: (1) a defect size (crack length) and ( 2 ) a stress-intensity field which will rapidly propagate the defect to fracture. The fracture toughness of a material i s generally determined experimentally. One o f the convenient experimental methods to determine the fracture toughness of a material i s the strain energy release rate (SERR).
Recent research at Lewis led to the development of a versatile computational procedure to determine the interlaminar SERR of composite structures.
This procedure, described in detail in References 9 and 10, is summarized in ge t o l e r a n c e o f candidate s t r u c t u r a l d e s i g n concepts w i t h composite m a t e r i a l s and w i t h emerging ones which a r e o n l y l a b o r a t o r y q u a n t i t i e s .
a t e d and more fundamental research a c t i v i t y i s t h e computat i o n a l s i m u l a t i o n o f p r o g r e s s i v e f r a c t u r e i n compos dure t r a c k s t h e p a r t i c i p a t i n g f r a c t u r e modes w i t h i n (micromechanics and c o n s t i t u e n t s , macromechanics, p g l o b a l ) i n a composite s t r u c t u r e . The procedure i s t e s t r u c t u r e s t h e d i f f e r e n t y, l a m i n a t e , Reference 11. Some r e p r e s e n t a t i v e r e s u l t s a t s e l e c t s c a l e s a r e ( 1 ) d e t a i l e d f r a c t u r e modes a t t h e micromechanics l e v e l (Table 111 , (2) i n t r a l a m i n a r shear s t r e s s e s a t t h e p l y l e v e l ( F i g . 14), (3) predominate f r a c t u r e modes a t t h e loc a l l e v e l ( F i g . 15) , and ( 4 ) photomicrographs showing a t t e n d a n t f r a c t u r e surf a c e c h a r a c t e r i s t i c s ( F i g . 16). I t s u f f i c e s t o say t h a t c o m p u t a t i o n a l procedures can be developed t o s i m u l a t e p r o g r e s s i v e f r a c t u r e i n p r o p u l s i o n composi t e s t r u c t u r e s by t r a c k i n g p a r t i c i p a t i n g f r a c t u r e modes a t t h e v a r i o u s s c a l e s i n which t h e y o c c u r .
LOCAL DAMAGE EFFECTS ON GLOBAL STRUCTURAL RESPONSE
Damage t o l e r a n c e o f composites ( e s p e c i a l l y t h a t a r e due t o impact) can a l s o be e v a l u a t e d by comparing t h e g l o b a l s t r u c t u r a l response o f undamaged and damaged composite s t r u c t u r e s . The type of damage induced i s d e s c r i b e d by t h e user, depending on t h e s p e c i f i c design requirements. For example, t h e i n t e rlaminar damage t o l e r a n c e o f composite c a n t i l e v e r s i s shown i n F i g u r e 17 i n t e r m s o f two g l o b a l v a r i a b l e s : ( 1 ) displacement and ( 2 ) f r e q u e n c i e s ( R e f . 12)
The g l o b a l v a r i a b l e i s p l o t t e d as a f u n c t i o n o f e x t e n t o f t h e d e l a m i n a t i o n , as shown i n t h e schematics. The r e s u l t s shown i n F i g u r e 17 a r e i n t e r e s t i n g because t h e y demonstrate t h a t c o n s i d e r a b l e r e l a t i v e damage must be p r e s e n t p r i o r to s i g n i f i c a n t changes ( g r e a t e r t h a n 15 p e r c e n t ) i n g l o b a l s t r u c t u r a l response.
One p r a c t i c a l i m p l i c a t i o n o f these r e s u l t s i s t h a t f i e l d i n s p e c t i o n methods based on g l o b a l s t r u c t u r a l response w i l l n o t be g e n e r a l l y s u c c e s s f u l i n d e t e c t i n g r e l a t i v e l y small changes (about 10 p e r c e n t ) i n d e l a m i n a t i o n -t y p e damage. Higher v i b r a t i o n modes need t o be examined. More p r e c i s e l y , t h e h a l f wavelength o f t h e v i b r a t i o n mode should approach t h e damage l e n g t h (mode 4 and g r e a t e r i n F i g . 1 7 ( c > ) . Composite mechanics computational s i m u l a t i o n can be used t o e v a l u a t e t h e e f f e c t a l s o t o assess t h e s e n s i t i v techniques. composite b l a d e or turboprop t o a v o i d t h e frequencies o f t h e e x c i t a t i o n sources, a t l e a s t i n t h e o p e r a t i n g range. Since composite blades and t u r b oprops a r e made by s t a c k i n g and bonding m u l t i p l e l a y e r s , i t i s n a t u r a l t o cons i d e r p a s s i v e damping t o minimize or dampen t h e e f f e c t s o f t h e a n t i c i p a t e d and u n a n t i c i A composite t u r b o p r o p i s i l l u s t r a t e d i n F i g u r e 18, and some r e p r e s e n t a t i v e r e s u l t s w t h p o s s i b l e a p p l i c a t i o n s t o composite turboprops a r e shown i n F i g u r e 19
As shown i n F i g u r e 19, t h e amount o f damping of t h e v i b r a t i o n mode amplitude can be determined, and t h e adhesive l a y e r m a t e r i a l c h a r a c t e r i s t i c s ( 1 ) composite mechanics, ( 2 ) s t r u c t u r a l a n a l y s i s , ( 3 ) f a t i g u e , ( 4 ) f l u t t e r , (5) impact, ( 6 ) thermal s t r e s s a n a l y s i s , and (7) 
Research conducted by Lewis Research Center d u r i n g t h e r e c e n t p a s t l e d t o t h e development o f t h e computer code STAEBL ( S t r u c t u r a l Tai o r i n g o f Engine Blades), as d e s c r i b e d i n References 14 t o 16. The e s s e n t i a features/modules o f STAEBL a r e summarized s c h e m a t i c a l l y i n F i g u r e 20. A d d i t i o n a l f e a t u r e s and a schematic o f t h e model produced by t h e d e d i c a t e d f i n i t e -e l e m e n t module i n STAEBL a r e shown i n F i g u r e 21. T y p i c a l r e s u l t s o b t a i n e d a r e shown i n Table 111. STAEBL, proven t o be v e r y e f f e c t i v e f o r t h e design o f engine blades, i s p r e s e n t l y b e i n g extended f o r turboprops which have complex i n t e r n a l c o n f i g u r a t i o n s ( F i g . 1 8 ) . I n a d d i t i o n , STAEBL has been extended t o i n c l u d e simultaneous t a i l o r i n g f o r aerodynamic and s t r u c t u r a l c o n s i d e r a t i o n s , and i t has a l s o been used t o o b t a i n designs i n several s i t u a t i o n s where t h e convent i o n a l approach d i d n o t succeed. I n a l l these s i t u a t i o n s , p r o f e s s i o n a l and of magnitude) reduced.
ne composite s t r u c t u r e s u s i n g s t r u c t u r a l t a i l o rcomputer times r e q u i r e d were s u b s t a n t i a l l y ( i n o r d e r
The m u l t i -d i s c i p l i n a r y d e s i g n process o f complex eng has been c o m p u t a t i o n a l l y s i m u l a t e d and i n t e g r a t e d by i n g and o p t i m i z a t i o n concepts and methods. 14. P l a t t , C.E., P r a t t , T.K., and Brown, K. 
CONCLUDING REMARKS C o n t i n u i n g r e s e a r c h a t Lewis Research Center i n composite mechanics f o r engine s t r u c t u r e s has l e d t o s i g n i f i c a n t developments i n a l l aspects o f composi t e mechanics and has r e s u l t e d i n computer codes for r e s p e c t i v e computational s i m u l a t i o n s . These i n c l u d e ( 1 ) i n t e g r a t e d composite mechanics a n a l y z e r ( I C A N ) , ( 2 ) s i m p l i f i e d composite micromechanics for s t r e n g t h , ( 3 ) t h r e edimensional f i n i t e -e l e m e n t modeling/superelement for composite micromechanics, ( 4 ) composite f r a c t u r e toughness and p r o g r e s s i v e f r a c t u r e , (5) l o c a l i n t e r l a m inar damage e f f e c t s on g l o b a l s t r u c t u r a l response, (6) p a s s i v e damping e f f e c t s , and (7) s t r u c t u r a l t a i l o r i n g of composite blades (STAEBL). Each o f these a r e b r i e f l y reviewed and summarized w i t h r e p r e s e n t a t i v e examples. r i e s and t h e i l l u s t r a t i v e examples i n c l u d e d demonstrate t h a t t h e s t r u c t u r a l response o f complex engine components can be c o m p u t a t i o n a l l y s i m u l a t e d a t a l l l e v e l s o f composite mechanics. I n a d d i t i o n , t h e m u l t i d i s c i p l i n a r y d e s i g n proce s s o f composite blades can be i n t e g r a t e d i n t o s t r u c t u r a l t a i l o r i n g / o p t i m i z at i o n codes which r e s u l t i n s i g n i f i c a n t p r o f e s s i o n a l and
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STRUCTURAL TAILORING OF CWOSITE BLADES (STAEBL).
Recent research activities and accomplishments at Lewis Research Center on composite mechanics for engine structures are reviewed in summary form. activities mainly focused on developing procedures for the computational simulation of composite intrinsic and structural behavior. The computational simulation encompasses all aspects of composite mechanics, advanced three-dimensional finite-element methods, damage tolerance, composite structural and dynamic response, and structural tailoring and optimization. 
